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ABSTRACT
We have developed a search methodology to identify galaxy protoclusters at z > 2.74, and imple-
mented it on a sample of ∼14,000 galaxies with previously measured redshifts. The results of this
search are recorded in the Candidate Cluster and Protocluster Catalog (CCPC). The catalog contains
12 clusters that are highly significant overdensities (δgal > 7), 6 of which are previously known. We
also identify another 31 candidate protoclusters (including 4 previously identified structures) of lower
overdensity. CCPC systems vary over a wide range of physical sizes and shapes, from small, compact
groups to large, extended, and filamentary collections of galaxies. This variety persists over the range
from z = 3.71 to z = 2.74. These structures exist as galaxy overdensities (δgal) with a mean value
of 2, similar to the values found for other protoclusters in the literature. The median number of
galaxies for CCPC systems is 11. Virial mass estimates are large for these redshifts, with thirteen
cases apparently having M > 1015M. If these systems are virialized, such masses would pose a
challenge to ΛCDM .
Subject headings: galaxies: clusters: general - galaxies: clusters: catalog
1. INTRODUCTION
Identifying structures over varying epochs offers the
possibility of examining the assembly history of the Uni-
verse and the environmental evolution of galaxies in
structures. Initial density perturbations at the earliest
times, aided by gravity, give rise to present day clus-
ters. Although still relatively rare, z > 1 clusters are
being discovered with increasing regularity based on sur-
veys in the near-infrared (NIR) for galaxy overdensities
around radio-loud sources (Hall & Green 1998; Hall et al.
2001; Franck et al. 2015), in the field (Papovich 2008;
Eisenhardt et al. 2008), by diffuse X-ray emission of
the hot intra-cluster medium (Gobat et al. 2011; Willis
et al. 2013), and from the Sunyaev-Zel’Dovich (SZ) ef-
fect (Mantz et al. 2014; Rettura et al. 2014). A larger
sample of cluster candidates, especially at increasing red-
shift, may offer a clearer picture for structure evolution.
Protoclusters, loosely defined here as structures z & 2,
are much rarer, and only a handful of studies containing
more than a single object at z > 2.75 exist (Venemans
et al. 2007; Galametz et al. 2012; Diener et al. 2013;
Chiang et al. 2014; Rigby et al. 2014; Wylezalek et al.
2014). With a larger catalog of clusters at various stages
of assembly, the general trends of formation and galaxy
evolution can be analyzed over time, instead of being
dissected epoch by epoch.
At these higher redshifts, there have been a number of
amazing discoveries of groups of galaxies found at z ∼ 4
(Lee et al. 2014; Venemans et al. 2002), z > 6 (Utsumi
et al. 2010; Toshikawa et al. 2014), up to z ∼ 8 (Trenti
et al. 2012). The emergence of these protoclusters offer
a test of ΛCDM , as simulations provide constraints on
the number of clusters and structure mass as a function
of redshift and the dark energy equation of state (Mor-
tonson et al. 2011; Vikhlinin et al. 2009), with greater
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leverage provided at larger redshifts. More fundamen-
tally, these ‘pink elephants’ offer a glimpse into the un-
expected mysteries of this discovery driven science.
By comparing these primordial objects to their as-
sumed, present-day manifestations as rich clusters, the
physical processes that foster their evolution can be bet-
ter understood. To date, a clear evolutionary path has
not emerged to tie these high redshift structures to the
z = 0 clusters observed. For instance, the assembly pro-
cess for the defining red sequence (RS) feature of nearby
clusters is not well established (Ferreras et al. 2012; Fass-
bender et al. 2014; Fritz et al. 2014). Estimating the
formation epoch for the stellar population of clusters
has also proven challenging. A range from zf = 2 to
zf = 30 is found using a variety of methods at vari-
ous wavelengths (Rakos & Schombert 1995; Eisenhardt
et al. 2008; Ferreras et al. 2012; van de Sande et al. 2014;
Wylezalek et al. 2014).
To this end, we have compiled a list of 43 candidate
protoclusters assembled using archival measurements in
the redshift range of 2.74 < z < 3.71. The majority of
these candidate structures, at the time of writing, have
not been previously identified to the best of our knowl-
edge. This catalog is the largest list of high redshift
protoclusters based on spectroscopic redshifts. Section 2
explains the search criteria used to identify candidate
structures, with the general results explored in Section 3.
Section 4 gives a brief summary of the findings. The Ap-
pendix contains sky position plots and N(z) histograms
for each protocluster.
This work assumes a ΛCDM concordance cosmology,
with ΩΛ = 0.7, a matter density of Ωm = 0.3, and H0 =
70 km s−1 Mpc−1. At the redshift range of z = 2.74 →
3.7, the angular size using this cosmology is 0.47 Mpc
arcmin−1 to 0.43 Mpc arcmin−1, 20 comoving Mpc along
the line of sight has a ∆z ∼ 0.019 to 0.026, whereas
the corresponding age of the Universe is 2.3 to 1.7 Gyrs,
respectively (Wright 2006).
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2. THE CANDIDATE CLUSTER AND PROTOCLUSTER
CATALOG (CCPC)
2.1. Construction of the High Redshift Galaxy List
To identify structures of galaxies in the high redshift
universe, a large list of galaxies was first compiled. Uti-
lizing the NASA Extragalactic Database (NED2), we
assembled a list of ∼14,000 spectroscopic redshifts for
galaxies at z & 2.7, removing sources that were flagged
as gravitationally lensed objects. Occasionally NED will
not flag galaxies with redshifts determined photometri-
cally as PHOT, as in the case of Rafelski et al. (2011),
which had to be identified and removed manually. The
redshift limit was chosen because it coincides with the
effective onset of Lyman-Break Galaxies (LBGs), which
were followed up spectroscopically (Steidel et al. 2003).
With the expectation that protoclusters would be ob-
served as galaxy overdensities, we developed a simple
algorithm that identifies candidate groups of galaxies
within this high-redshift object list.
The spectroscopic galaxy list contains objects selected
by a large range of criteria. Many galaxies in our list were
part of spectroscopic surveys of Hubble/Chandra/Spitzer
Deep fields. One of these (Balestra et al. 2010) in the
GOODS-S field was surveyed with the Very Large Tele-
scope’s VIMOS grisms. The survey depth for galaxies
with measured redshifts was to 24-25 AB magnitudes in
B,R, and out to a redshift of z < 3.5 with a redshift
uncertainty of σz ∼ 0.0008. Another large contributor
to our spectroscopic galaxy list were LBGs that were
followed up spectroscopically. Steidel et al. (2003) used
rest-frame UV photometry to identify more than 2000
photometric, z ∼ 3 candidates to a limiting magnitude
of RAB = 25.5 in fields totaling 0.38 square degrees. Al-
most 1000 redshifts were measured using Keck telescopes.
Other sources of redshifts come from narrow band imag-
ing around high redshift AGN that were followed up spec-
troscopically (Venemans et al. 2007), or targets selected
based on combined narrow and broad band images to a
typical limiting magnitude of RAB = 25.5 (Fynbo et al.
2003; Grove et al. 2009).
It follows naturally that high redshift galaxies that are
collapsing to form a nascent structure should exist as
a large concentration of objects within a small volume.
From the high redshift galaxy list, groups of objects co-
incident on the sky were identified by searching within
an angular search radius of 2 arcmin and a redshift range
∆z < 0.03 from a search galaxy. At the maximum red-
shift of our galaxy list (z = 4.05), the volume probed
is a cylinder with radius 4 and depth of ±20 comoving
Mpc from the estimated center of the distribution. This
initial redshift depth was chosen in order not to miss can-
didate galaxy members, assuming that the protocluster
dispersions could be σ & 0.01 (600 km s−1 at z ∼ 4).
The number of unique sources (those separated by
at least 3′′) within the search volume were counted.
Prospective groups with three or more galaxies within
the aperture were added to an initial group list for fur-
ther analysis. The ‘center’ of a group in RA and DEC
was determined iteratively by maximizing the number
of galaxies within the sky aperture. Many prospective
groups of galaxies that are in the final list of the Can-
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didate Clusters and Protoclusters Catalog (CCPC) con-
tained more than the minimum number of galaxies in
this small volume. The heterogeneity of the sample (dif-
fering sky coverage and depths) does not permit us to
make any estimate of group completeness. All we can
state is that these candidates appear to be real, physical
associations, and provide a lower limit to the number of
galaxy members. Of the initial list of 14,000 galaxies,
603 sources are used in this work. Their references can
be found in Table 3.
Diener et al. (2013) has shown that by linking associa-
tions of only 3 ≤ N ≤ 5 member galaxies within a few co-
moving Mpc in the zCOSMOS field at z > 1.8, they could
effectively identify nascent galaxy groups in the high red-
shift universe. Comparing the systems they discovered
to mock galaxy light cones (Kitzbichler & White 2007)
from the Millennium simulation (Springel et al. 2005),
they could track the fate of these primordial systems.
Their method, when coupled with the complete spectro-
scopic sampling of the zCOSMOS field, is expected to
identify ∼ 65% of the protoclusters (Mz=0 > 1014 M)
within the survey volume (Diener et al. 2013). We adopt
a similar, simple yet effective search criteria to identify
initial regions of target protoclusters.
2.2. Candidate Protocluster Criteria
Protoclusters are the extended, collapsing manifesta-
tions of present day clusters. As the Universe is expand-
ing, the volume surveyed for a fixed area on the sky will
be dependent on the redshift of the source. To consis-
tently measure protoclusters iso-volumetrically, we have
adopted the use of comoving Mpc (cMpc) throughout
this study. This allows easy comparison to other obser-
vational studies that have also employed comoving vol-
umes, as in Rigby et al. (2014). Analysis of large ΛCDM
simulations (e.g. Millennium Simulation) also typically
utilize cMpc when tracking the growth and evolution of
protoclusters at various epochs (Chiang et al. 2013; Mul-
drew et al. 2015).
Generally, structures at high redshift have extended
galaxy distributions of R & 10 comoving Mpc from the
highest density region. This seemingly large volume has
both theoretical and empirical bases. Analysis of the Mil-
lennium Simulation by Chiang et al. (2013) found that
the effective radii of the most massive protoclusters are
typically Re & 8 cMpc at z = 3, collapsing to Re & 1
cMpc at z = 0. Muldrew et al. (2015) also analyzed the
Millennium data for protoclusters, and found that 90% of
the stellar mass of a & 1015 h−1M cluster is contained
within a comoving radius of ∼ 20 h−1Mpc at z = 3.
Observationally, Rigby et al. (2014) investigated pro-
tocluster candidates around high redshift radio galaxies
using Herschel . They found that galaxy overdensities
peak at a radius ∼ 6 − 7 cMpc, with distributions that
flattened out at R ∼ 10 cMpc (see their Fig 7). A pro-
tocluster identified by Prescott et al. (2008) at z = 2.75
extended 20×50 cMpc, while Lee et al. (2014) found an
incredibly large structure of three protoclusters within
72×72×25 cMpc3 at z ∼ 3.8. These examples illustrate
the importance of wide search radii in identifying these
extended, perhaps filamentary structures.
To refine our initial list of galaxy groups into a catalog
of protoclusters, we chose a search radius of 20 comoving
Mpc from the approximate center of each initial groups’
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Table 1
Candidate Cluster and Protocluster Catalog (CCPC) - Strongest Candidates
Candidate RA DEC Redshift σz Number of Galaxies in Overdensity Cluster Reference
Name (deg) (deg) Galaxies R < 10 cMpc (δgal) Probability (%)
CCPC-z27-002 02:21:19.92 -04:27:43.20 2.772 0.007 5 5 11.02 ± 6.90a 100
CCPC-z29-001 09:33:35.71 28:44:45.89 2.918 0.005 9 8 11.21 ± 4.76 100
CCPC-z29-002 09:45:32.76 -24:29:05.28 2.919 0.009 26 26 12.91 ± 4.55 100 1
CCPC-z30-001 12:08:06.67 -30:31:05.16 3.035 0.005 8 8 18.78 ± 10.14 100 2
CCPC-z30-003 22:17:25.92 00:12:37.58 3.096 0.008 54* 25 12.28 ± 2.42 100 3
CCPC-z31-003 03:18:07.58 -25:34:55.56 3.133 0.008 33 33 9.80 ± 2.77 100 1
CCPC-z31-004 01:06:11.53 -25:46:14.52 3.146 0.006 6 6 7.59 ± 4.65 85
CCPC-z31-005 20:09:54.43 -30:41:19.68 3.152 0.007 12 12 17.77 ± 9.19c 100 1
CCPC-z32-002 02:59:04.16 00:12:35.60 3.234 0.003 5 5 13.11 ± 8.63 100
CCPC-z33-002 02:03:35.13 11:38:06.68 3.372 0.008 5 5 7.44 ± 4.47 85 4
CCPC-z35-001 00:03:25.12 -26:04:52.68 3.597 0.003 4 4 10.18 ± 8.05 100
CCPC-z36-001 02:03:49.52 11:35:53.48 3.644 0.003 4 4 23.50 ± 14.39 100
Note. — The names and positions for the strongest CCPC overdensities, along with the mean redshift and dispersion of galaxies. The
naming scheme is explained in Section 2. For each candidate, the number of spectroscopically confirmed members is listed. If the number of
galaxies is followed by a ‘*’, this indicates that the protocluster is an extended system in which 1/3 or more members in the structure are
found between 10 < R < 20 comoving Mpc. The implications of this are discussed in Section 3. The galaxy overdensity is listed under δgal,
and the basis of this calculation is explained in Section 2.3. Using each candidates overdensity, we have assigned a conservative probability
that the structure will collapse into a massive cluster by z = 0 from the values in Figure 8 in Chiang et al. (2013), which plot the fate of
overdensities within the Millennium simulation. Structures with greater than 85% probability are included in this Table. If the structure
has been previously identified, its reference is included. References: (1) Venemans et al. (2007) (2) Mo¨ller & Fynbo (2001) (3) Steidel et al.
(1998) (4) Ellison et al. (2001)
a No field galaxies were identified along the line of sight ∆z ± 0.15. This δgal should be treated as an upper limit.
c Large numbers of diffuse field galaxies within ∆z± 0.15 gave a δgal ∼ 0. By limiting the field galaxies to the same surface area (RA/DEC)
as the galaxies within the protocluster, these became positive overdensities.
Figure 1. The number of galaxies as a function of redshift around CCPC-z28-002 at z = 2.82. The red, vertical lines correspond
to a ∆z that encompasses ±20 cMpc along the line of sight from the mean redshift of the protocluster. Within this aperture of the
CANDELS GOODS-S field, the partial peaks from other CCPC systems can be clearly identified. There are also strong peaks at redshifts
z ∼ 2.3, 2.5, 2.6, but are beyond the scope of this paper.
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Table 2
Candidate Cluster and Protocluster Catalog (CCPC) - Additional Candidates
Candidate RA DEC Redshift σz Number of Galaxies in Overdensity Cluster Reference
Name (deg) (deg) Galaxies R < 10 cMpc (δgal) Probability (%)
CCPC-z27-001 17:01:03.84 64:11:56.40 2.748 0.006 8 8 2.51 ± 1.37 18 1
CCPC-z27-003 03:04:42.00 -00:07:40.80 2.788 0.009 7 7 1.73 ± 0.96c 1
CCPC-z27-004 12:36:51.84 62:11:56.40 2.803 0.007 6* 4 1.98 ± 0.13 10
CCPC-z27-005 22:32:48.96 -60:31:55.20 2.798 0.006 5 5 6.65 ± 4.38 73
CCPC-z28-001 14:24:34.08 22:49:04.80 2.814 0.010 9 8 1.97 ± 0.89 10
CCPC-z28-002 03:32:14.40 -27:52:37.20 2.818 0.009 25* 14 1.27 ± 0.32 10
CCPC-z28-003 02:59:05.76 00:11:27.60 2.825 0.014 10 10 1.01 ± 0.50 10
CCPC-z28-004 00:54:28.56 -23:53:49.20 2.857 0.009 31 30 0.75 ± 0.25 1 2
CCPC-z28-005 21:41:59.76 -44:13:26.40 2.856 0.005 23 23 3.98 ± 1.72 48
CCPC-z28-006 03:32:38.17 -27:47:08.16 2.863 0.009 14* 2b 0.31 ± 0.11 1
CCPC-z28-007 03:04:41.13 -00:10:38.78 2.864 0.010 7 7 1.52 ± 0.83 10
CCPC-z29-003 14:18:04.13 52:29:54.28 2.924 0.013 30* 18 1.36 ± 0.35 10
CCPC-z29-004 12:36:47.71 62:12:55.80 2.931 0.010 26 25 2.93 ± 0.83 18
CCPC-z29-005 14:24:45.91 22:56:42.11 2.974 0.008 13 9 3.26 ± 1.11 48
CCPC-z29-006 02:58:53.07 00:09:53.60 2.982 0.013 6 6 0.52 ± 0.28 1
CCPC-z29-007 03:32:19.29 -27:43:03.14 2.979 0.012 14* 7 0.30 ± 0.10 1
CCPC-z30-002 14:24:30.29 22:52:49.91 3.074 0.012 15 11 1.12 ± 0.41 10
CCPC-z31-001 03:32:24.31 -27:41:52.44 3.113 0.009 27* 16 3.67 ± 0.93 48 3
CCPC-z31-002 04:22:18.53 -38:45:15.48 3.118 0.009 9 9 0.47 ± 0.28 1
CCPC-z31-006 13:49:06.70 -03:36:32.00 3.166 0.010 13 11 0.98 ± 0.46 1
CCPC-z31-007 12:36:47.35 62:15:12.74 3.179 0.014 12 10 0.55 ± 0.24 c 1
CCPC-z32-001 12:05:19.10 -07:42:31.00 3.206 0.010 14 14 0.67 ± 0.35 1
CCPC-z32-003 03:32:34.54 -27:46:12.36 3.258 0.014 15* 3b 1.1 ± 0.43c 10
CCPC-z33-001 12:36:50.74 62:13:49.51 3.363 0.008 9 9 1.48 ± 0.65 10
CCPC-z33-003 03:32:34.90 -27:47:08.16 3.368 0.013 11* 5 1.70 ± 0.77c 10
CCPC-z33-004 01:06:04.60 -25:46:54 3.388 0.010 10 10 3.63 ± 1.91 48 4
CCPC-z33-005 22:39:38.45 11:54:09.61 3.389 0.014 14 11 2.74 ± 1.19 18
CCPC-z34-001 12:36:52.42 62:13:37.74 3.423 0.014 7 7 0.61 ± 0.30 1
CCPC-z34-002 03:32:18.48 -27:52:06.60 3.476 0.010 23* 11 3.75 ± 1.02 48
CCPC-z36-002 03:32:16.90 -27:48:38.16 3.658 0.012 8* 5 0.32 ± 0.14 1
CCPC-z37-001 03:32:10.42 -27:40:53.04 3.704 0.013 11* 7 1.02 ± 0.42 10
Note. — Identical to Table 1, but for candidate structures with < 85% probability to collapse based on their galaxy overdensity (δgal).
The probabilities are assigned based on overdensities analyzed by Chiang et al. (2013) within the Millennium simulation (their Figure 8). If
the structure has been previously identified, its reference is included. References: (1) Prescott et al. (2008) (2) Venemans et al. (2007) (3)
Bond et al. (2010) (4) Frank et al. (2003)
a No field galaxies were identified along the line of sight ∆z ± 0.15. This δgal should be treated as an upper limit.
b Galaxies with photometric redshifts (Rafelski et al. 2011) were manually removed from these candidate protoclusters, as they are uncat-
egorized as such within NED. Without 3 or more galaxies within 2’ from the RA/DEC listed, these technically violate our criteria for a
candidate protocluster. From the position plots of these systems in the Appendix, it is clear that there are a significant number of galaxies
within a search radius of 20 comoving Mpc, and choosing another structure position would satisfy the criteria for the CCPC, but would
decrease the number of galaxy members. We have chosen to maximize the number of galaxies in these case.
c Large numbers of diffuse field galaxies within ∆z± 0.15 gave a δgal ∼ 0. By limiting the field galaxies to the same surface area (RA/DEC)
as the galaxies within the protocluster, these became positive overdensities. In the case of CCPC-z27-004, the field ∆z range intersected
CCPC-z29-004. By changing the field to ∆z ± 0.05, this system now has δgal > 0.
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Table 3
CCPC: Member Redshift Reference List
Candidate Redshift
Name References
CCPC-z27-001 Peter et al. (2007); Shapley et al. (2005); Hewett & Wild (2010); Law (2008)
CCPC-z27-002 Adams et al. (2011)
CCPC-z27-003 Steidel et al. (2003); Cowie et al. (1995)
CCPC-z27-004 Papovich et al. (2001); Moth & Elston (2002); Ferna´ndez-Soto et al. (2001); Conselice et al. (2003)
... Steidel et al. (2003); Reddy et al. (2006)
CCPC-z27-005 Iwata et al. (2005); Cristiani et al. (2000)
CCPC-z28-001 Steidel et al. (2003)
CCPC-z28-002 Balestra et al. (2010); Wuyts et al. (2008); Schreier et al. (2001); Santini et al. (2009)
... Pirzkal et al. (2013); Conselice et al. (2011)
CCPC-z28-003 Songaila (1998); Steidel et al. (2003)
CCPC-z28-004 Venemans et al. (2007); McCarthy et al. (1996)
CCPC-z28-005 Storrie-Lombardi & Wolfe (2000); Fynbo et al. (2003)
CCPC-z28-006 Balestra et al. (2010); Santini et al. (2009); Grazian et al. (2006)
CCPC-z28-007 Steidel et al. (2003)
CCPC-z29-001 Steidel et al. (2003)
CCPC-z29-002 Venemans et al. (2007); Roettgering et al. (1997); Doherty et al. (2010)
CCPC-z29-003 Steidel et al. (2003); Georgakakis et al. (2006)
CCPC-z29-004 Steidel et al. (2003); Cowie et al. (2004); Pirzkal et al. (2013); Moth & Elston (2002); Adams et al. (2011)
... Reddy et al. (2006); Dawson et al. (2001); Chapman et al. (2004c); Barger et al. (2002)
CCPC-z29-005 Steidel et al. (2003)
CCPC-z29-006 Steidel et al. (2003)
CCPC-z29-007 Balestra et al. (2010); Le Fe`vre et al. (2004); Pirzkal et al. (2013)
... Wuyts et al. (2008); Bond et al. (2011)
CCPC-z30-001 Mo¨ller & Fynbo (2001); Fynbo et al. (2001)
CCPC-z30-002 Steidel et al. (2003); Petry et al. (1998)
CCPC-z30-003 Chapman et al. (2004a); Steidel et al. (2003); Inoue et al. (2011); Steidel et al. (2000)
... Hayashino et al. (2004); Smail et al. (2004); Nestor et al. (2011); Yamada et al. (2012)
... Lehmer et al. (2009b); Chapman et al. (2004b); Lehmer et al. (2009a)
CCPC-z31-001 Bond et al. (2010); Wuyts et al. (2008); Santini et al. (2009); Ciardullo et al. (2012)
... Balestra et al. (2010); Cristiani et al. (2000)
CCPC-z31-002 Cantalupo et al. (2007); Osmer et al. (1994)
CCPC-z31-003 Venemans et al. (2005); Kuiper et al. (2012); Maschietto et al. (2008); Le Fevre et al. (1996)
CCPC-z31-004 Noll et al. (2004)
CCPC-z31-005 Venemans et al. (2007)
CCPC-z31-006 Fynbo et al. (2003)
CCPC-z31-007 Adams et al. (2011); Pirzkal et al. (2013); Steidel et al. (2003); Moth & Elston (2002)
... Reddy et al. (2006); Barger et al. (2008, 2002)
CCPC-z32-001 Grove et al. (2009)
CCPC-z32-002 Steidel et al. (2003)
CCPC-z32-003 Wuyts et al. (2009); Balestra et al. (2010)
... Wuyts et al. (2008); Bond et al. (2011)
CCPC-z33-001 Lowenthal et al. (1997); Ferna´ndez-Soto et al. (2001); Adams et al. (2011); Lanzetta et al. (1996)
... Steidel et al. (2003); Pirzkal et al. (2013); Reddy et al. (2006)
CCPC-z33-002 Ellison et al. (2001); Steidel et al. (2003); de Bruyn et al. (1996)
CCPC-z33-003 Balestra et al. (2010); Fiore et al. (2012); Bond et al. (2011)
... Wuyts et al. (2008)
CCPC-z33-004 Noll et al. (2004); Mehlert et al. (2002)
CCPC-z33-005 Steidel et al. (2003)
CCPC-z34-001 Ferna´ndez-Soto et al. (1999); Moth & Elston (2002); Dawson et al. (2001); Adams et al. (2011)
... Barger et al. (2003); Steidel et al. (2003); Reddy et al. (2006)
CCPC-z34-002 Balestra et al. (2010); Vanzella et al. (2006); Szokoly et al. (2004)
... Wuyts et al. (2008)
CCPC-z35-001 Steidel et al. (2003); Savaglio et al. (1997)
CCPC-z36-001 Ellison et al. (2001); Steidel et al. (2003)
CCPC-z36-002 Gnerucci et al. (2011); Balestra et al. (2010); Vanzella et al. (2006); Wuyts et al. (2009)
... Le Fe`vre et al. (2004); Grazian et al. (2006)
CCPC-z37-001 Conselice et al. (2011); Balestra et al. (2010); Pirzkal et al. (2013)
... Vanzella et al. (2006); Fontanot et al. (2007)
Note. — The protocluster candidates matched with references for the spectroscopic measurements of their respective
members.
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Table 4
CCPC Mass Estimates
Candidate δm Overdensity Overdensity Mass Rhms σ Virial Mass
Name (b = 3) Volume (cMpc3) Estimate (1014 M) (Mpc) (km/s) Estimate (1014 M)
CCPC-z27-001 0.84 193 0.1 2250 486 2.5
CCPC-z27-002 3.67 45 0.1 1688 541 2.3
CCPC-z27-003 0.58 220 0.1 2063 686 4.5
CCPC-z27-004 0.66c 224 0.2 1125 582 1.8
CCPC-z27-005 2.22 19 < 0.1 1375 436 1.2
CCPC-z28-001 0.66 587 0.4 2688 758 7.2
CCPC-z28-002 0.42 11168 6.7 3938 735 9.9
CCPC-z28-003 0.34 1048 0.6 4563 1071 24.4
CCPC-z28-004 0.25 2642 1.4 3188 724 7.8
CCPC-z28-005 1.33 828 0.8 2063 352 1.2
CCPC-z28-006 0.10 6040 2.9 5313 672 11.2
CCPC-z28-007 0.51 1197 0.8 3625 781 10.3
CCPC-z29-001 3.74 601 1.2 2313 357 1.4
CCPC-z29-002 4.30 1640 3.6 2500 699 5.7
CCPC-z29-003 0.45 10147 6.1 4313 988 19.6
CCPC-z29-004 0.98 3742 3.1 2375 736 6.0
CCPC-z29-005 1.09 3393 3.1 3125 614 5.5
CCPC-z29-006 0.17 29 < 0.1 3500 995 16.1
CCPC-z29-007 0.10 6579 3.1 4438 878 15.9
CCPC-z30-001 6.26 71 0.2 1000 408 0.8
CCPC-z30-002 0.37 3033 1.8 4063 917 15.9
CCPC-z30-003 4.09 14192 30.5 3938 616 6.9
CCPC-z31-001 1.22 13398 12.4 3313 629 6.1
CCPC-z31-002 0.16 575 0.3 2438 645 4.7
CCPC-z31-003 3.27 1740 3.1 2250 581 3.5
CCPC-z31-004 2.53 44 0.1 1125 462 1.1
CCPC-z31-005 5.92c 424 1.3 2000 482 2.2
CCPC-z31-006 0.33 1393 0.8 3188 716 7.6
CCPC-z31-007 0.18c 3465 1.9 4625 1038 23.2
CCPC-z32-001 0.22 860 0.4 2000 739 5.1
CCPC-z32-002 4.37 30 0.1 1063 218 0.2
CCPC-z32-003 0.35c 8715 5.1 5000 955 21.2
CCPC-z33-001 0.49 154 0.1 1688 520 2.1
CCPC-z33-002 2.48 25 < 0.1 1063 514 1.3
CCPC-z33-003 0.56c 2348 1.6 4250 869 14.9
CCPC-z33-004 1.21 245 0.2 2375 703 5.5
CCPC-z33-005 0.91 2595 2.1 3125 974 13.8
CCPC-z34-001 0.20 798 0.4 2563 976 11.3
CCPC-z34-002 1.25 6521 6.2 3875 667 8.0
CCPC-z35-001 3.39 4 < 0.1 813 214 0.2
CCPC-z36-001 7.83 50 0.2 1000 194 0.2
CCPC-z36-002 0.11 1564 0.7 1688 743 4.3
CCPC-z37-001 0.34 3725 2.1 3563 857 12.2
Note. — The estimated mass overdensities (δm = δgal/b) are listed for the CCPC structures, and a linear bias
parameter of b = 3 is adopted from previous works (Steidel et al. 1998; Venemans et al. 2007). Names in boldface
are the strongest candidates and can be found in Table 1. Based on the minimum and maximum RA/DEC
values of galaxies within the overdense region, a rectangular volume encompassing the structure is listed in units
of cMpc3. If we assume that the volume containing δm will eventually collapse, we can calculate an estimated
mass of the collapsed structure as M = ρcrit,zV (1 + δm). We can also infer a mass using the virial equation
Mvir =
2σ2
G
Rhms. The radius (Rhms) used is approximated by 1.25 ∗ Re, where the effective radius contains
50% of the galaxy members of a protocluster in physical units. The virial mass estimator is almost universally
larger than the expected, collapsed mass of the system we infer from δm. This suggests that these objects are
not in virial equilibrium. Protoclusters with the highest probabilities (Tables 1, 2) typically have mass estimates
within the expectations of simulated systems, while low probability systems (< 10%) have virial masses much
larger than predicted at this epoch (Chiang et al. 2013).
c As in Table 1, these overdensities were found near strong, extended fields within ∆z± 0.15, which gave δm ∼ 0
values. The field galaxy numbers, when limited to the same aperture as the overdensity, show stronger mass
overdensities. In the case of CCPC-z27-004, we merely had to limit ∆z to ±0.05, as it intersected another
structure (CCPC-z29-004).
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distribution. This corresponds to 11.3′ and 9.9′ on the
sky at z = 2.75, 3.7, respectively. Many redshift surveys
used in this work do not extend to R = 20 cMpc, the
expected size of the most massive protoclusters (Mul-
drew et al. 2015), so this should be treated as the max-
imum volume probed. In redshift space, ∆z ∼ 0.019
corresponds to ±20 cMpc at z = 2.75, which increases
to ∆z ∼ 0.026 at z = 3.7. More than 2/3 (435 out of
603 galaxies) of the redshifts have published uncertainties
in NED, and the median uncertainty is ∼0.0008, which
corresponds to an uncertainty of ±0.9 comoving Mpc at
z ∼ 3 (Wright 2006). This encompasses a 8% uncertainty
in the velocity dispersion, assuming a typical σz ∼ 0.01.
If within the search radius of 20 comoving Mpc on
the sky (and associated length in ∆z) there were 4 or
more galaxies, which consist of a galaxy overdensity
δgal > 0.25 (see Section 2.3), this candidate structure
was assigned to the Candidate Cluster and Protocluster
Catalog (hereafter CCPC). Although four objects does
not necessarily constitute a protocluster, this is at least
a group of bright galaxies within a relatively small space,
and might turn out to be a richer group with a more com-
plete redshift census within the search volume.
Chiang et al. (2013) illustrate that a galaxy overden-
sity of δgal ∼ 1± 1 is representative of low mass, & 1014
M clusters at z = 0 within the Millennium simulation
(see their Fig 6). This implies that even modest over-
densities at high redshift may represent protoclusters.
We adopt δgal > 0.25 as a working definition for candi-
date protoclusters, as these regions are more dense than
the surrounding field while not excluding much of the
overdensity distribution for the lowest mass protoclus-
ters predicted by Chiang et al. (2013). Some of these ob-
jects may represent the tip of an iceberg, some may prove
fictitious, while others may turn out to be filaments or
void walls. At this juncture, all appear to be bona fide
associations of galaxies at high redshift. Only two can-
didates have the minimum of 4 members. The median
number of total members is 11 galaxies. Ten candidate
protoclusters have over 20 members each.
Tables 1, 2 contain the full list of candidates. The nam-
ing convention we have employed is CCPC-z, followed by
the first two digits of the redshift (e.g. z = 2.9 is indi-
cated by 29-), and ends with a running index of objects in
the respective redshift bin. Table 1 contains the sources
that are at least 85% likely to collapse into a cluster at
z = 0 based on the strength of their overdensity, while
Table 2 contains other overdensities that are less strong.
The basis of these probabilities will be explained in the
following section. The source of the individual galaxy
redshift measurements for each candidate cluster can be
found in Table 3.
The search radius of R = 20 comoving Mpc is the effec-
tive size of the most massive protoclusters, with smaller
systems being much less extended (Chiang et al. 2013;
Muldrew et al. 2015). In the few instances in which the
survey width encompassesR & 20 cMpc (e.g. CANDELS
GOODS-S), it is possible that we may be identifying two
less massive protoclusters instead of a single, large sys-
tem. However, by reducing our search radius to 10 co-
moving Mpc, only a few (or zero) galaxies were removed
from many candidate protoclusters. Consequently, most
objects appear to be more centrally concentrated than
required by our search criterion, primarily because the
fields-of-view (FOV) of most surveys are smaller than the
maximum surface area we are probing. Upwards of 1/3
of a candidate’s galaxies are found between 10 < R < 20
comoving Mpc for 12 CCPC objects, which are marked
by a ‘∗’ next to their galaxy number in Tables 1, 2. The
implications of this are discussed in Section 3.
Each candidate protocluster has an associated sky
position plot, showing the distribution of members in
RA/DEC within 20 cMpc (black points within the outer
red circle), as well as field galaxies (green ×’s) along the
line of sight. The field galaxies serve as an illustration of
the data footprint that contains the protocluster, with
clear survey boundaries seen in many cases. The sky
plots of the candidate structures illustrate the radial dis-
tributions of galaxies within a system. Some protoclus-
ters are very extended (e.g. CCPC-z28-002 shown in
Fig 4), while others are strongly concentrated (CCPC-
z29-002) within the inner red ring (corresponding to
R = 10 cMpc), with the outer red circle marking the
search radius of 20 comoving Mpc for comparison. The
differences in these systems, as noted earlier, is primarily
dependent on survey width, and has little to do with the
protocluster itself.
A N(z) distribution (number of spectroscopic galaxies
in redshift bins from 2 < z < 4 within the search radius)
for each protocluster is also located in the Appendix.
The N(z) plots have a large amount of variation as well,
particularly with respect to differences in survey depth in
our high redshift galaxy catalog. For example, CCPC-
z28-005 shows an unmistakable peak of galaxies at the
cluster redshift, with no other sources detected at other
distances. In contrast, CCPC-z28-002, located in CAN-
DELS GOODS-S field, contains a multitude of galaxies
with peaks corresponding to 8 other CCPC members, as
shown in Fig 1.
One distinct difference between this CCPC sample and
the samples of Venemans et al. (2007); Galametz et al.
(2012); Wylezalek et al. (2013); Rigby et al. (2014);
Wylezalek et al. (2014) is that our protoclusters candi-
dates were not initially targeted based on the presence of
a high redshift radio galaxy (HzRG). Rather, we identify
spatial coincidences among spectroscopically confirmed
galaxies with z > 2.74. Some candidate structures in our
sample contain radio galaxies, and our search methodol-
ogy has recovered a number of previously identified pro-
toclusters that were first identified using HzRGs as sign-
posts (see Tables 1, 2). That we recover these previously
identified structures is encouraging.
2.3. Candidate Protocluster Overdensities
To statistically measure the significance of these struc-
tures, we have estimated the galaxy overdensities (δgal)
of each CCPC member. We computed the galaxy over-
density for each protocluster as δgal = (nproto/nfield)−1,
where the number density (nproto) is the number of galax-
ies along the line of sight within z ± σ of the redshift of
the structure. The nfield density was determined by tak-
ing zproto ± 0.15, sans the region around the overdensity
of ±σ. A maximum field redshift range of dz = 0.15 (ex-
cluding the overdensity region) was chosen to adequately
sample the field. Increasing the protocluster overdensity
redshift range to encompass the full ±20 cMpc (instead
of z ± σ) typically increases the value of δgal, but at the
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expense of decreasing the field galaxies in some cases.
When estimating the overdensity, we always assign galax-
ies to the field in cases of doubt. Some of these are likely
members residing in the outskirts, so δgal is a conserva-
tive estimate of the overdensity. All listed uncertainties
are Poissonian.
For the relatively modest overdensity of CCPC-z33-
003, there are 6 galaxies found within the redshift space
of ∆z = σ = 0.012, giving a nproto =
6
2(0.012) along the
length (dz = 0.024) of the probed volume. Within the
same aperture, there are 24 galaxies along the line of
sight of ∆z = 0.284, so the field length is ∆ − 2(σ) =
0.284 − 0.024 = 0.26. From this, a field density of
nfield =
24
0.26 is estimated, and δgal = 1.70. All val-
ues of δgal are listed in Tables 1, 2. The field line of
sight is limited to the ∆z range where field galaxies are
identified. For example, CCPC-z28-004 was previously
identified using narrow-band filters by Venemans et al.
(2007), so understandably has a narrower redshift distri-
bution (as seen in its N(z) plot Fig 4) than many other
systems. We identify 17 galaxies along the short length
of ∆z=0.028 outside of the overdensity region, which de-
fines our field measurement. This serves as an upper
limit on the field in that some of these ‘field’ galaxies
may themselves be infalling future cluster members.
In some instances, δgal ∼ 0 as extended field density
estimates roughly matched the candidate structure den-
sities. This is most likely the result of the relatively small
number of galaxies in these structures, combined with
possible intervening (sub)structure. Limiting the field
galaxies to the same sky area as the structure galax-
ies transforms these relatively small underdensities into
overdensities. In the interesting case of CCPC-z27-004,
the edge of the field length intersects CCPC-z29-004. By
limiting the field calculation to ∆z±0.05, the other struc-
ture is averted and a positive galaxy overdensity becomes
apparent.
It should be noted that choosing a different ∆z can also
change the value of δgal. This highlights the difficulty in
defining a field number density along the line of sight,
as intervening (sub)structures can boost the field counts
significantly. We have purposefully avoided fine-tuning
the galaxy oversensities in a way to produce larger over-
densities. Most importantly, we urge caution in drawing
conclusions from these galaxy overdensities, as the def-
inition of the field, coupled with the selection effects of
the sample, can alter the significance of the structure.
Seven structures had 2 or fewer field counts in calcu-
lating their overdensity, with CCPC-z27-002 having none
at all. In these instances, we have manually added 7
field galaxies to their number density to provide a lower
limit to the actual δgal. Some of these candidate proto-
clusters, like CCPC-z30-001 and CCPC-z31-005, have in-
credibly large calculated galaxy overdensities (δgal >10).
These are the result of an overdensity coupled with a very
weak field density measurement along the line of sight as
a selection effect of narrowband imaging, which targets
galaxies at a specific redshift (Venemans et al. 2007). As
Muldrew et al. (2015) point out, this is one of the dan-
gers in calculating galaxy overdensities using narrowband
imaging, as field counts can be under-represented.
Chiang et al. (2013) calculated the expected galaxy
overdensities for protoclusters identified within the Mil-
lennium Simulation, combined with the semi-analytic
model of Guo et al. (2011). For the lowest mass pro-
toclusters (Mz=0 < 3×1014 M) in the redshift range of
2 < z < 5, in cubes with sides of 25 cMpc, a δgal ∼ 1± 1
is typical for galaxies with a SFR > 1 M. This
overdensity increases to δgal ∼ 3 for the most massive
(Mz=0 > 10
15 M) cluster progenitors. Table 5 in Chi-
ang et al. (2013) contains a list of more than 20 protoclus-
ters found in the literature, with measured δgal ranging
from 0.70.8−0.6 (Venemans et al. 2007) to 16±7 (Toshikawa
et al. 2014). The median value of galaxy overdensity
within the CCPC is δgal ∼ 2, which agrees well with val-
ues from the literature and theoretical predictions (Chi-
ang et al. 2013).
In Tables 1, 2 we provide a conservative estimate of the
probability that a given candidate structure will collapse
into a cluster at z = 0 based on its δgal value. These
estimates are taken from the z = 3 case in Figure 8 of
Chiang et al. (2013), which plots the fraction of overden-
sities which will form a M > 1014 M halo at the present
day. We made the conservative assumptions that our
protoclusters onservative assumptions that the galaxies
identified as cluster members are the most biased tracers
of mass (the brightest galaxies), the overdensity volumes
are [15 cMpc]3, and that none of the field galaxies used
to calculate our overdensity values will become part of
the cluster. If some of our member galaxies are less bi-
ased tracers (e.g. M∗ < 1010 M), the probability can
increase by more than 20% for a given δgal (Chiang et al.
2013). If the box volume is increased to [25 cMpc]3, a
δgal = 0.86 has a 50% of collapsing into a cluster, while
for the smaller box volume of [15 cMpc]3, a δgal = 3.43
is required (Chiang et al. 2013). Systems not fated to be
clusters can end up as groups of galaxies, or may simply
be false positives.
We list our candidate structures in Tables 1 and 2.
Table 1 lists the most probable protoclusters, containing
12 candidates that have at least an 85% chance of col-
lapsing into a cluster by z = 0 according to Chiang et al.
(2013). Lower probability structures are listed in Table
2. Six out of the twelve protoclusters in Table 1 have
been previously identified, while only 4 of 31 candidates
in Table 2 were found in the literature. Typically, over-
densities of δgal > 7 are expected to be protoclusters at
this redshift.
It is important to remember that these probabilities
are based on analysis of the Millennium simulation by
Chiang et al. (2013). There is no guarantee that this
represents the Universe in which we reside. Therefore,
these probabilities should be treated as a mere guide.
2.4. Mass Estimates
Using the positions of galaxies within each CCPC sys-
tem and their respective redshift dispersions σ, we have
provided a crude mass estimate for each structure in Ta-
ble 4. We estimate the mean harmonic separation as
Rhms ≈ 1.25Re, where Re is the radius from the approx-
imate center of the galaxy distribution that contains half
of all member galaxies in the system. The Rhms value for
each CCPC protocluster is recorded in Table 4. Another
variation of an Rhms estimator using Equation 2 from
Carlberg et al. (1996) with weights set to unity provides
values roughly a factor of 2 larger, so the Re approxima-
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tion is conservative. The virial mass is then estimated
by
M =
2σ2
G
Rhms. (1)
There is no guarantee that these systems are virialized,
symmetric structures, and so we stress that these mass
estimates are merely indicative.
Although some systems have seemingly reasonable
masses for a present-day cluster (& 1014-1015 M), these
estimates are much larger than theoretical predictions for
a z = 3 protocluster. Figure 2 in Chiang et al. (2013)
tracks the halo mass of protoclusters as a function of red-
shift within the Millennium Simulation. At z = 3, the
main halo of a protocluster of mass ∼ 3 × 1013 M will
grow into a 1015 M cluster at z = 0. Smaller clusters
(& 1014 M at z = 0) will be in the range ∼ 5×1012-1013
M at z = 3. Almost all of the mass estimates for our
protoclusters exceed 1014 M, with 13 structures above
M & 1015 M. Either these CCPC systems are orders
of magnitude larger than ΛCDM predicts at this epoch,
or more probably, the crude mass estimate we have em-
ployed is a poor representation of the physical nature of
these early structures. Only 3 systems (CCPC-z32-002,
CCPC-z35-001, CCPC-z36-001) have reasonable mass
estimates of < 3 × 1013 M, and each has 5 or fewer
member galaxies. Chiang et al. (2013) find only 2% of
almost 3000 clusters have Mz=0 > 10
15 M within the
Millennium Simulation’s comoving box (sides of 500 h−1
Mpc). With the significant number of Mvirz∼3 > 10
15 M
protoclusters in the CCPC, this suggests that the virial
masses are overestimates, or massive clusters emerge ear-
lier than anticipated.
However, comparing the results of simulations to ac-
tual observables can be problematic. For instance, Chi-
ang et al. (2013) report that a z = 0, M > 1015 M
protocluster in the Millennium Simulation would have a
velocity dispersion along the line of sight of 400± 60 km
s−1 at z = 3. Many members in the CCPC are well
above this velocity dispersion, with some at & 1000 km
s−1. Converting the radius from Chiang et al. (2013)
for the progenitor of a 1015 M cluster from cMpc into
physical units, and setting σv = 400 km s
−1, Equation 2
provides a mass estimate of 4× 1014 M. This ‘observ-
able’ mass is an order of magnitude larger than the mass
computed by the simulation for the same protocluster
(∼ 3× 1013 M).
As an illustrative exercise, doubling the velocity disper-
sion to σv = 800 km s
−1 (more typical of CCPC systems),
we recover a comparable mass estimate (∼ 1015M) to
those listed in Table 4, as expected. This increased veloc-
ity dispersion is not unique to our analysis. As pointed
out in Chiang et al. (2015), other known protoclusters
have line of sight velocities of σv = 900 km s
−1 at z ∼ 3.
The larger line of sight dispersions of observed σz val-
ues than the theoretical predictions boosts our structure
mass estimates by orders of magnitude over their sim-
ulated sibling protoclusters. It is therefore necessary to
take great care to measure apples with apples when com-
paring observations to simulations.
Taken at face value, the masses we compute are prob-
lematic for ΛCDM . Mortonson et al. (2011) predict that
no clusters should exist with M > 6 × 1014 h−1 M at
z = 2, and they should be smaller still at higher redshift.
The CCPC contains 14 clusters that exceed this virial
mass, all at z > 2.7. Galaxies at high redshift also ap-
pear to have a similar issue, in that the number density
of massive halos is ∼ 102 larger than predicted by ΛCDM
(Steinhardt et al. 2015). We note in passing that clus-
ters this large are predicted to exist at redshifts of 2-3
by MOND (Sanders 1998; Nusser 2002; McGaugh 2004;
Katz et al. 2013; McGaugh 2015).
Our mass estimates assume that the objects we identify
as cluster candidates are virialized systems. This may
not yet be the case at these redshifts, as they are still in
the process of collapse. We therefore urge great caution
in interpreting these results.
Another estimator of protocluster mass is the use of
galaxy overdensities (δgal) as biased tracers of mass over-
density (δm), as utilized by Steidel et al. (1998); Vene-
mans et al. (2007). The equation adopted is
M = ρcrit,zV (1 + δm) (2)
where δm = δgal/b, with b existing as a bias parame-
ter, with values assumed to be ∼ 3 − 6 (Steidel et al.
1998; Venemans et al. 2007). Take CCPC-z33-003 as an
example again, for which we computed a δgal= 1.59 in
Section 2.3. At z ∼ 3, the comoving critical density is
ρcrit = 4.2 × 1010 M cMpc−3 within our cosmology.
Assuming a bias parameter of b = 3 and a computed
volume of approximately 3300 cMpc3, the implied z = 0
mass that this structure may collapse to is 2.2×1014 M.
The virial mass estimate for this system was 14.9× 1014
M. For the entire sample of the CCPC, the median
mass estimate is 8× 1013 M.
There are a number of systematic uncertainties within
this calculation. The bias parameter b is typically as-
sumed to be in the range 3-6, although this value has
never been directly measured. As discussed previously,
the value of δgal (and therefore δm) is strongly depen-
dent on the definition of field galaxies, or lack thereof.
One of the largest contributors to the mass estimate is
the volume V that is expected to collapse by z = 0,
which is calculated using the minimum and maximum
RA/DEC values in a rectangular box along the line of
sight ∆z = σ. If the width of the field of observations is
small, the calculated volume of a collapsing protocluster
will be a lower limit. For instance, recomputing the over-
density volume of ∆zproto = 20 cMpc and not σ, and a
field width of ∆z = 0.05 instead of the ±0.15 adopted
in this work, the median δgal value is unchanged from
this work, although with greater scatter. However, the
increase in volume of the candidate structures boost the
overdensity mass from 8× 1013 M to 4× 1014 M.
There appears to be no correlation between the virial
mass estimates and the masses inferred from the over-
densities. The two estimates are physically distinct, as
the former ostensibly measures the current system/halo
mass, while the latter is an estimated collapsed mass. Yet
some link should exist between them, as massive main
halos generally correlate with massive z = 0 clusters
within simulations (Chiang et al. 2013; Muldrew et al.
2015). The fact that there is no connection implies that
systematic uncertainties dominate, and that one or both
of these methods are inherently flawed. As a result, these
mass estimates should be treated with caution.
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It should be noted that the systems identified as having
the highest probability (85% or larger) of collapsing into
a cluster in Table 1 based on the strength of their over-
density, typically have reasonable mass estimates (both
virial and δm) of ∼ 1015 M or less in Table 4. A no-
table exception is CCPC-z30-003, but this is the richest
structure in the CCPC and was previously identified by
Steidel et al. (1998). Encouragingly, the candidates with
lowest probability (< 10%) of collapsing into a cluster
often have the most anomalously large virial mass esti-
mates of > ×1015 M.
3. DISCUSSION
3.1. Confirmation tests of structure
To confirm that these CCPC targets are indeed struc-
tures, we have used our initial list of ∼14,000 z > 2.75
objects as a benchmark sample. We searched around
each galaxy (including galaxies identified within CCPC
systems), and plotted any companions that were within
the same comoving volume as the candidate protoclus-
ters (search radius of 20 cMpc, ∆z corresponding to ±20
cMpc). Many of these galaxies had no spectroscopic
companions within the volume. We plotted the mean
distribution of these galaxies as a function of comoving
radius from the central source (in many cases the sole
source) in Fig 2 as the red line in the top panel, and the
black line in the bottom plot.
For a simple metric of the distribution of galaxies
within protoclusters at z > 2.75, we have added the
distribution of each individual CCPC system in the top
panel of Fig 2 to the distribution of all galaxies. The
distributions can be seen in the striking variability in
concentration of these early mass overdensities. Some
structures are fully contained within a radius of 5 co-
moving Mpc, while others do not even have 40% of their
total members by R &10 cMpc. In our analysis, these
variations do not appear to be dependent of the redshift
of the system, as there are both extended and compact
structures at the redshift extrema of the catalog.
As a further test, we computed the mean fraction of all
CCPC members within the circular 1 Mpc annuli from
the central galaxy out to 20 comoving Mpc in the bot-
tom panel of Fig 2. Separating the candidates into three
redshift bins 2.75 < z < 3.00 (19 objects, blue line in
Fig 2), 3.00 < z < 3.25 (12 objects, green line), and
3.25 < z < 3.7 (12 objects, red line) shows there is no sig-
nificant distribution difference between the bins, despite
the > 0.5 Gyr time difference between z ∼ 3.7 → 2.75.
It appears that although the mean distribution gener-
ally does not vary as a function of redshift, individual
protoclusters have a wide range of spatial differences for
their members. If the total sample is limited to mem-
bers within R ∼ 10 comoving Mpc, the distributions still
show no significant difference as a function of redshift,
but have considerably less scatter, as expected. This
is a possible indication that in general, protoclusters at
these epochs have similar assembly histories. There also
does not seem to be a significant trend in the number of
galaxy members as the redshift decreases in the CCPC,
with a similar median galaxy membership (13) occurring
in structures between 3.00 < z < 3.25 when compared to
the median over all candidates 2.74 < z < 3.71 (11 galax-
ies). Median membership in the bins 2.74 < z < 3.00 and
3.25 < z < 3.71 are 10 and 9 galaxies, respectively.
Fig 3 illustrates the difference in surface density of the
structures in the CCPC (black line) compared with all
of the galaxies in the initial list of ∼14,000 spectroscopic
galaxies (red line). The red distribution of galaxies is
consistent with a single object with no other compan-
ions found within Rsearch = 1 cMpc (Σ =
1 gal
pi(1 cMpc)2 =
0.33 cMpc−2 in the first bin), and rapidly decreasing as
the radius increases. CCPC galaxies have a larger central
concentration (0.47 cMpc−2) within 1 cMpc radius, and
a more gradual decrease in surface density. A two-sample
Kolmogrov-Smirnov test gives a value of KS = 0.69, sug-
gesting that these cumulative densities are distinct dis-
tributions. In log − log space, the slope of all galaxies
is steeper (-1.65) compared to the -1.5 slope for CCPC
galaxies. Interestingly, outside of R ∼ 5 cMpc, the slopes
are both ∼ −1.5, suggesting a possible characteristic ra-
dius at which the galaxy overdensity and the field begin
to merge.
We note that Figures 2, 3 should be only used as tests
of structure in comparison to the field galaxy distribu-
tions, and should not interpreted as the expected radial
profile of protocluster systems. These data were taken
from a number of different surveys of various widths and
selection techniques. Not all protoclusters are centered
within a survey’s FOV, nor do they necessarily encom-
pass the full search radius of R = 20 cMpc, as can
be seen in the sky plot of each CCPC member within
the Appendix. Thus, the cumulative distribution will be
strongly dependent on the survey characteristics and the
protoclusters position within the survey’s width.
A further test that a candidate protocluster’s galaxies
are not merely coincident on the sky, but rather con-
stitute physically associated structures can be found by
plotting the number of galaxies at each redshift along the
same line of sight as the structure in a N(z) plot. Proto-
clusters, as an overdensity of galaxies, should be visible
as a peak in counts within a small redshift bin. The Ap-
pendix contains a N(z) plot for each CCPC member in
the right panel (Fig 4). For many of these protocluster
systems, the overdensity peak is unmistakable from the
background distribution (like CCPC-z30-003), or there
are no other intervening sources along the line of sight,
as in CCPC-z28-005. In deeper surveys, the distinction
between structure and field galaxies becomes harder to
identify, as peaks can be smaller relative to the contin-
uum. Fig 1 shows the N(z) plot for CCPC-z28-002 in
the CANDELS GOODS-S survey. The number of galax-
ies in each redshift bin is larger than in other pointings,
presumably because this field has been surveyed more
deeply.
As the CANDELS GOODS-S field is essentially a
pencil-beam survey between the redshift values 2.74 <
z < 3.71 (roughly 50 × 50 × 900 cMpc in our assumed
cosmology), we can compare the number and richness
of our candidate structures within this pointing to the
expectations of stochastic alignments of galaxies arising
from Poissonian fluctuations in a smooth density field.
Sheth (2001) computed a toy-model of galaxy clustering
with a density distribution of galaxies n, in which the
expected number of systems N with M galaxy members
and linking length l can be expected for a sample size of
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Figure 2. Top : The fractional number of galaxies as a function of radius in individual CCPC structures. There is a large spatial
variability, as some objects are very compact while others are diffuse, extended systems. The red line represents the mean distribution
for 14000 galaxies and any companions found within R < 20 comoving Mpc (see Section 3). The candidate protoclusters (Black Lines)
clearly have more neighbors than is typical in the field, as well as different distributions. Bottom : Mean distribution of the fraction of
total members in the CCPC as a function of search radius in comoving units. The black line distribution represents the mean All Galaxies
sample. The CCPC catalog is divided into three redshift bins, which show no significant difference in the mean distributions, but there is
significant scatter between CCPC members within each bin (as seen in the top figure). It may appear that some evolution is taking place
from 2.75 < z < 3.00 (blue line) to 3.00 < z < 3.25 (green line), in that the more distant systems are more centrally concentrated on
average. However, the trend is reversed when looking at the mean distributions of 3.00 < z < 3.25 to 3.25 < z < 3.71 (red line).
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Figure 3. The mean surface density profile of All Galaxies (14,000 spectroscopic sources with z > 2.75) that were used in the initial list
to identify structures is shown in red, with the mean density profile of the CCPC sources shown in black. Most galaxies in the All Galaxies
list have no companions within 20 cMpc, although galaxies within the CCPC structures are included in All Galaxies. The CCPC surface
density profile has more galaxies within the inner R=1 cMpc bin, and has a more gradual decrease in density than the distribution of
galaxies in general, as expected for galaxy overdensities.
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NG objects along the line of sight via
NM = Nge
−2nl[1− e−nl]M−1. (3)
If the Poissonian expectation of structure is lower than
the recovered number of structures, this is an indication
that physical structures exist in these data, are not mere
chance alignments of galaxies.
To utilize this simple model, the linking length l must
be computed. Using the auto-correlation function
ξ(l) =
NDD
NDR
nR
nD
− 1 (4)
one measures the excess Data-Data pairs of galaxiesNDD
over the number of Data-Random pairs (NDR) of galaxies
in the interval l±∆l (Davis & Peebles 1983). Within the
GOODS-S field, ξ was found to be & 1 at l < 1.78 cMpc,
effectively measuring the separation l at which clustering
is strongest.
A one-dimensional, Friends-of-Friends (Huchra &
Geller 1982; Press & Davis 1982) algorithm was con-
structed to identify structures of galaxies separated by
a linking length l < 1.78 cMpc within the CANDELS
GOODS-S catalog. We then compared the number of
structures with M members (NM ) with the expectation
value using the toy model of Sheth (2001). Within the
data set, the number of systems with 4 < M < 30
galaxies identified using the Friends-of-Friends algorithm
always exceeded the expected, Poissonian value in our
analysis. For instance, there are 7 structures identified
with M ≥ 9 galaxies along the line of sight, where only
one such structure should exist by chance. As a check of
the Sheth (2001) model, we ran a Monte Carlo simulation
of 500 randomized fields, identifying galaxy systems us-
ing our Friends-of-Friends algorithm. The Monte Carlo
results provides a slightly smaller estimate of the number
of structures at almost all values of M , but are generally
similar. For example, for M = 5, the Monte Carlo pre-
dicts 7.6 systems to be identified, where NM = 8.6 in the
toy model. At M = 9, where NM ∼ 1, the Monte Carlo
predicts only 0.1 structures to exist, on average.
It is important to emphasize that this analysis is spe-
cific to this single field, as the parameters l, n, and NG
are unique to this survey. To apply the results of the toy
model to a another field (or the CCPC as a whole) with
a different selection function would not be a physically-
motivated comparison.
Based on the combination of (1) positive galaxy over-
densities (δgal listed in Tables 1, 2) within the proto-
cluster volume, (2) radial distribution profiles of CCPC
structures that look significantly different from the
stochastic positions of field galaxies (Figs 2, 3), (3) red-
shift distributions of galaxies along the line of sight that
show up as strong peaks in the N(z) plots (Fig 4), (4) the
excess number of galaxy groups over Poissonian expecta-
tions in the deep CANDELS GOODS-S survey, and (5)
that we recover a number of previously identified, rare
protoclusters in the literature suggests that the galaxy
associations identified in the CCPC are strong candidate
protoclusters.
3.2. Extended Protoclusters
As mentioned in Section 2, there appears to be two
populations of structures within the CCPC. While many
protocluster candidates add few members outside a 10
comoving Mpc radius, 12 CCPCs have a 1/3 or more of
member galaxies at 10 < R < 20 comoving Mpc from
the center of the distribution. In Tables 1, 2, these ex-
tended sources are indicated by a ‘∗’ next to their galaxy
counts. By examining the galaxy position plots of each
candidate protocluster in Fig 4 in the Appendix of this
paper, the differences between the extended and centrally
concentrated structures are easily distinguishable.
These extended objects (CCPC-z27-004, CCPC-z28-
002, CCPC-z28-006, CCPC-z29-003, CCPC-z29-007,
CCPC-z30-003, CCPC-z31-001, CCPC-z32-003, CCPC-
z33-003, CCPC-z34-002, CCPC-z36-002, CCPC-z37-
001) tend to have larger numbers of members overall,
and the richest candidate (CCPC-z30-003) is among their
number. They span almost the entire range of redshifts
in the sample. This may be an indication that in this
epoch of the universe, protoclusters are in various stages
of assembly, such that some structures are centrally con-
centrated while others are condensing more slowly. Pro-
toclusters identified by Muldrew et al. (2015) within the
Millennium Simulation are consistent with there being
a variety of evolutionary stages that exist for structures
at these redshifts, with a minority (∼ 10%) of protoclus-
ters having their mass concentrated in a single, dominant
halo at z > 2.
Chiang et al. (2013) mapped the growth of protoclus-
ters from 0 < z < 5 within the Millennium Simulation
to estimate observable features in future surveys. In the
context of this work, the effective radius (Re), within
which∼ 65% of the mass of bound halos are found, is par-
ticularly interesting. Regardless of redshift, the greater
the mass of the system at z = 0, the larger Re was mea-
sured to be, with the expected result that at redshifts
of z ∼ 5, the radius was largest (see their Fig 2). For
instance, at z ∼ 3, the effective radius is > 8 comoving
Mpc for a Coma-like M(z=0) = 10
15 M halo, while it is
Re < 5 cMpc for a halo M(z=0) < 3×1014 M. It is con-
ceivable that these extended sources could also be more
massive systems. As the extended sources also typically
have the largest number of galaxies within our catalog,
this is a plausible explanation.
It is important to note that a significant number
of these extended objects are in the extensively stud-
ied CANDELS (PI: Faber, Ferguson) ∼170 arcmin2
GOODS-S field, and two others were previously iden-
tified as protocluster candidates (Bond et al. 2010; Uchi-
moto et al. 2012). As these fields have greater survey
depth and width, these extended objects most likely con-
stitute a selection effect and are not structurally dif-
ferent than the other CCPC objects. With a wider,
deeper search around the non-extended sources, it is pos-
sible that their protocluster galaxy counts could similarly
grow. Of the five CCPC members that were found in the
Hubble Ultra Deep Field (Beckwith et al. 2006), only
one of these structures have significantly extended pop-
ulations despite the impressive survey depth, while all of
the CANDELS protoclusters are extended. As the Ultra
Deep Field has only a 3.3′ × 3.3′, the survey width is
insufficient to detect such diffuse structures. The search
radius corresponding to 20 cMpc at z = 3.7 is 10′.
4. SUMMARY
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We present a catalog of 43 candidate protoclusters in
the redshift range of 2.74 < z < 3.71. These struc-
tures were identified using published position and spec-
troscopic measurements within a comoving search radius
of 20 cMpc. Prospective structures were initially identi-
fied by flagging groups of three or more galaxies with a
∆z < 0.03 and within a 2 arcmin radius of each other.
This list was later refined by requiring at least 4 spec-
troscopic sources within a search radius of 20 comov-
ing Mpc, and a galaxy overdensity of δgal > 0.25. The
median number of galaxies in each candidate protoclus-
ter is 11, while the maximum number of galaxies is 54.
There appears to be little evolution in galaxy numbers
as a function of redshift. As a statistical measure of the
significance of these structures, we calculated a galaxy
overdensity δgal for each CCPC member following the
examples of Steidel et al. (1998) and Venemans et al.
(2002). The median δgal value is ∼ 2, which is compa-
rable to the overdensities of protoclusters within simu-
lations and observationally. Twelve of these have high
probability (85% or larger) of collapsing into a cluster at
z = 0 based on their overdensity compared to analysis of
Millennium run data (Chiang et al. 2013).
There are a number of tests that suggest that the
CCPC systems identified by our simple algorithm are
coherent structures. The protoclusters exist as overden-
sity peaks, both in δgal and visually above the contin-
uum of galaxies in the N(z) plots shown in the Appendix.
They follow a distinctly different radial distribution than
the mean distribution of the 14000 galaxies in which the
CCPC was drawn from, as shown in Figs 2, 3, many
of which do not have any companion galaxies within 20
cMpc of the central source. Furthermore, we have re-
covered 10 previously identified candidate protoclusters
from the literature. We have also found that in the CAN-
DELS GOODS-S field, there is significantly more struc-
ture (excess of 6 systems of 9 or more galaxies) than can
be expected from Poissonian fluctuations.
The mean radial distribution of members for each
CCPC structure follow a similar trend, independent of
redshift. However, individual CCPC structures have a
wide range of distributions, with some protoclusters com-
pletely contained within R < 10 comoving Mpc while
others add more than a dozen of their constituent galax-
ies in the range of 10 < R < 20 comoving Mpc. These
variations can be primarily attributed to differences in
survey depth and volume for the various regions of our
galaxy list. This distribution difference could be also an
indication of the various stages of assembly protoclusters
are in at this epoch of the Universe, in conjunction with
differences in total halo mass, as more massive protoclus-
ters are expected to have larger radii. A combination of
all three seems likely.
For each system, we computed a characteristic radius
(Rhms) and a rough virial mass estimate based on its
size and velocity dispersion σz. The mass estimates as-
sume a virialized distribution, which may not apply at
this epoch. As a result, these crude protocluster mass
estimates are up to 102 times larger than those pre-
dicted in analysis of the Millennium Simulation by Chi-
ang et al. (2013). In addition, by assuming a linear bias
parameter of b = 3, we can calculate a mass overden-
sity (δm = δgal/b) within the volume of the structure.
This can then be transformed into a mass estimate us-
ing M = ρcrit,zV (1 + δm) (Steidel et al. 1998; Venemans
et al. 2002). These are estimates of the collapsed mass of
the system, and have a median value of 8× 1013 M in
the CCPC. These mass estimates are uncorrelated, and
caution should be exercised in interpreting these results.
This work significantly increases the number of
spectroscopically confirmed, high redshift protoclusters
known. To our knowledge, it represents the largest cat-
alog of such sources to date.
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Figure 4. Left : The outer red circle represents a radius of 20 cMpc from the center of the protocluster, while the inner circle corresponds
to R = 10 cMpc. The black points are the protocluster members, while the green × symbols indicate field galaxies within ∆z ± 0.15 of
the redshift of the structure. The FOV of many of the surveys used in this work, as traced by the distribution of field galaxies, are not
wide enough to probe out to the maximum search radius of our algorithm (R = 20 cMpc). Right : N(z) plot, with the number of galaxies
plotted as a function of redshift. The red vertical lines represent ±20 comoving Mpc from the mean redshift of the system.
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APPENDIX
Each Candidate Cluster and Protocluster entry in Tables 1, 2 is matched with a position plot of its member galaxies
in the Left panel, and a N(z) plot (Right panel) showing the number of galaxies as a function of redshift within the
search radius of the protocluster along the line of sight. The red circles in the galaxy-position plot correspond to the
area covered in 10 and 20 comoving Mpc search radii calculated at the redshift of the protocluster. Green ×’s mark
spectroscopic field galaxies within ∆z±0.15 found within the sky search radius, which illustrate the field of view. Note
that the field of view does not always encompass a radius of 20 cMpc. The red vertical lines in the N(z) distribution
indicate the ∆ from the mean redshift that correspond to ±20 cMpc.
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RA (deg)
62.05
62.10
62.15
62.20
62.25
62.30
62.35
D
E
C
 (
d
e
g
)
CCPC-z27-004
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z27-004
337.90338.00338.10338.20338.30338.40338.50
RA (deg)
-60.70
-60.65
-60.60
-60.55
-60.50
-60.45
-60.40
-60.35
D
E
C
 (
d
e
g
)
CCPC-z27-005
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
G
a
la
x
y
 C
o
u
n
ts
CCPC-z27-005
The Candidate Cluster and Protocluster (CCPC) Catalog 19
216.00216.10216.20216.30
RA (deg)
22.65
22.70
22.75
22.80
22.85
22.90
22.95
23.00
D
E
C
 (
d
e
g
)
CCPC-z28-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
12
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-001
52.9053.0053.1053.20
RA (deg)
-28.05
-28.00
-27.95
-27.90
-27.85
-27.80
-27.75
-27.70
D
E
C
 (
d
e
g
)
CCPC-z28-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-002
44.6044.6544.7044.7544.8044.8544.9044.95
RA (deg)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
D
E
C
 (
d
e
g
)
CCPC-z28-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-003
20 Franck & McGaugh
13.4513.5013.5513.6013.6513.7013.7513.80
RA (deg)
-24.05
-24.00
-23.95
-23.90
-23.85
-23.80
-23.75
D
E
C
 (
d
e
g
)
CCPC-z28-004
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-004
325.30325.40325.50325.60325.70
RA (deg)
-44.40
-44.35
-44.30
-44.25
-44.20
-44.15
-44.10
-44.05
D
E
C
 (
d
e
g
)
CCPC-z28-005
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-005
53.0053.0553.1053.1553.2053.2553.3053.35
RA (deg)
-27.95
-27.90
-27.85
-27.80
-27.75
-27.70
-27.65
-27.60
D
E
C
 (
d
e
g
)
CCPC-z28-006
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-006
The Candidate Cluster and Protocluster (CCPC) Catalog 21
46.0046.0546.1046.1546.2046.2546.3046.35
RA (deg)
-0.35
-0.30
-0.25
-0.20
-0.15
-0.10
-0.05
0.00
D
E
C
 (
d
e
g
)
CCPC-z28-007
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
G
a
la
x
y
 C
o
u
n
ts
CCPC-z28-007
143.20143.30143.40143.50143.60
RA (deg)
28.60
28.65
28.70
28.75
28.80
28.85
28.90
D
E
C
 (
d
e
g
)
CCPC-z29-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-001
146.20146.25146.30146.35146.40146.45146.50146.55
RA (deg)
-24.65
-24.60
-24.55
-24.50
-24.45
-24.40
-24.35
-24.30
D
E
C
 (
d
e
g
)
CCPC-z29-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-002
22 Franck & McGaugh
214.30214.40214.50214.60214.70214.80
RA (deg)
52.35
52.40
52.45
52.50
52.55
52.60
52.65
D
E
C
 (
d
e
g
)
CCPC-z29-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-003
188.80188.90189.00189.10189.20189.30189.40189.50189.60
RA (deg)
62.05
62.10
62.15
62.20
62.25
62.30
62.35
62.40
D
E
C
 (
d
e
g
)
CCPC-z29-004
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-004
216.00216.05216.10216.15216.20216.25216.30216.35
RA (deg)
22.80
22.85
22.90
22.95
23.00
23.05
23.10
D
E
C
 (
d
e
g
)
CCPC-z29-005
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
12
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-005
The Candidate Cluster and Protocluster (CCPC) Catalog 23
44.5544.6044.6544.7044.7544.8044.8544.90
RA (deg)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
D
E
C
 (
d
e
g
)
CCPC-z29-006
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-006
52.9052.9553.0053.0553.1053.1553.2053.25
RA (deg)
-27.90
-27.85
-27.80
-27.75
-27.70
-27.65
-27.60
-27.55
D
E
C
 (
d
e
g
)
CCPC-z29-007
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z29-007
181.85181.90181.95182.00182.05182.10182.15182.20
RA (deg)
-30.70
-30.65
-30.60
-30.55
-30.50
-30.45
-30.40
-30.35
D
E
C
 (
d
e
g
)
CCPC-z30-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
G
a
la
x
y
 C
o
u
n
ts
CCPC-z30-001
24 Franck & McGaugh
215.95216.00216.05216.10216.15216.20216.25216.30
RA (deg)
22.70
22.75
22.80
22.85
22.90
22.95
23.00
23.05
D
E
C
 (
d
e
g
)
CCPC-z30-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
12
G
a
la
x
y
 C
o
u
n
ts
CCPC-z30-002
334.20334.25334.30334.35334.40334.45334.50
RA (deg)
0.05
0.10
0.15
0.20
0.25
0.30
0.35
D
E
C
 (
d
e
g
)
CCPC-z30-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
25
30
G
a
la
x
y
 C
o
u
n
ts
CCPC-z30-003
52.9053.0053.1053.2053.30
RA (deg)
-27.85
-27.80
-27.75
-27.70
-27.65
-27.60
-27.55
D
E
C
 (
d
e
g
)
CCPC-z31-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-001
The Candidate Cluster and Protocluster (CCPC) Catalog 25
65.4065.5065.6065.7065.80
RA (deg)
-38.90
-38.85
-38.80
-38.75
-38.70
-38.65
-38.60
D
E
C
 (
d
e
g
)
CCPC-z31-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-002
49.3549.4049.4549.5049.5549.6049.6549.70
RA (deg)
-25.75
-25.70
-25.65
-25.60
-25.55
-25.50
-25.45
-25.40
D
E
C
 (
d
e
g
)
CCPC-z31-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-003
16.4016.5016.6016.70
RA (deg)
-25.95
-25.90
-25.85
-25.80
-25.75
-25.70
-25.65
-25.60
D
E
C
 (
d
e
g
)
CCPC-z31-004
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
12
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-004
26 Franck & McGaugh
302.30302.35302.40302.45302.50302.55302.60302.65
RA (deg)
-30.85
-30.80
-30.75
-30.70
-30.65
-30.60
-30.55
D
E
C
 (
d
e
g
)
CCPC-z31-005
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-005
207.10207.15207.20207.25207.30207.35207.40207.45
RA (deg)
-3.75
-3.70
-3.65
-3.60
-3.55
-3.50
-3.45
D
E
C
 (
d
e
g
)
CCPC-z31-006
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-006
188.90189.00189.10189.20189.30189.40189.50
RA (deg)
62.10
62.15
62.20
62.25
62.30
62.35
62.40
D
E
C
 (
d
e
g
)
CCPC-z31-007
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z31-007
The Candidate Cluster and Protocluster (CCPC) Catalog 27
181.15181.20181.25181.30181.35181.40181.45181.50
RA (deg)
-7.85
-7.80
-7.75
-7.70
-7.65
-7.60
-7.55
D
E
C
 (
d
e
g
)
CCPC-z32-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z32-001
44.6044.6544.7044.7544.8044.8544.9044.95
RA (deg)
0.05
0.10
0.15
0.20
0.25
0.30
0.35
D
E
C
 (
d
e
g
)
CCPC-z32-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z32-002
53.0053.0553.1053.1553.2053.2553.3053.35
RA (deg)
-27.90
-27.85
-27.80
-27.75
-27.70
-27.65
-27.60
D
E
C
 (
d
e
g
)
CCPC-z32-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z32-003
28 Franck & McGaugh
188.90189.00189.10189.20189.30189.40189.50
RA (deg)
62.10
62.15
62.20
62.25
62.30
62.35
62.40
D
E
C
 (
d
e
g
)
CCPC-z33-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z33-001
30.7530.8030.8530.9030.9531.0031.05
RA (deg)
11.50
11.55
11.60
11.65
11.70
11.75
11.80
D
E
C
 (
d
e
g
)
CCPC-z33-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z33-002
52.9553.0053.0553.1053.1553.2053.2553.30
RA (deg)
-27.95
-27.90
-27.85
-27.80
-27.75
-27.70
-27.65
D
E
C
 (
d
e
g
)
CCPC-z33-003
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z33-003
The Candidate Cluster and Protocluster (CCPC) Catalog 29
16.3516.4016.4516.5016.5516.6016.6516.70
RA (deg)
-25.95
-25.90
-25.85
-25.80
-25.75
-25.70
-25.65
-25.60
D
E
C
 (
d
e
g
)
CCPC-z33-004
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
12
G
a
la
x
y
 C
o
u
n
ts
CCPC-z33-004
339.75339.80339.85339.90339.95340.00340.05
RA (deg)
11.75
11.80
11.85
11.90
11.95
12.00
12.05
D
E
C
 (
d
e
g
)
CCPC-z33-005
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
10
G
a
la
x
y
 C
o
u
n
ts
CCPC-z33-005
188.90189.00189.10189.20189.30189.40189.50
RA (deg)
62.05
62.10
62.15
62.20
62.25
62.30
62.35
62.40
D
E
C
 (
d
e
g
)
CCPC-z34-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
G
a
la
x
y
 C
o
u
n
ts
CCPC-z34-001
30 Franck & McGaugh
52.9052.9553.0053.0553.1053.1553.2053.25
RA (deg)
-28.00
-27.95
-27.90
-27.85
-27.80
-27.75
-27.70
D
E
C
 (
d
e
g
)
CCPC-z34-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z34-002
0.700.750.800.850.900.951.001.05
RA (deg)
-26.25
-26.20
-26.15
-26.10
-26.05
-26.00
-25.95
D
E
C
 (
d
e
g
)
CCPC-z35-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
G
a
la
x
y
 C
o
u
n
ts
CCPC-z35-001
30.8030.8530.9030.9531.0031.0531.10
RA (deg)
11.45
11.50
11.55
11.60
11.65
11.70
11.75
D
E
C
 (
d
e
g
)
CCPC-z36-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
2
4
6
8
G
a
la
x
y
 C
o
u
n
ts
CCPC-z36-001
The Candidate Cluster and Protocluster (CCPC) Catalog 31
52.9052.9553.0053.0553.1053.1553.2053.25
RA (deg)
-27.95
-27.90
-27.85
-27.80
-27.75
-27.70
-27.65
D
E
C
 (
d
e
g
)
CCPC-z36-002
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z36-002
52.8552.9052.9553.0053.0553.1053.1553.20
RA (deg)
-27.85
-27.80
-27.75
-27.70
-27.65
-27.60
-27.55
D
E
C
 (
d
e
g
)
CCPC-z37-001
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9
Redshift
0
5
10
15
20
G
a
la
x
y
 C
o
u
n
ts
CCPC-z37-001
